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Gas diffusion electrodes are used for many purposes, for example in fuel cells, in synthesis and as anodes in electrodeposition processes. The behaviour of gas diffusion electrodes has been the subject of many studies. In this work the transport of gas in the gas diffusion electrode, characterized by the overall mass transport coefficient, has been investigated using hydrogen-nitrogen mixtures. A reactor model for the gas compartment of the gas diffusion electrode test cell is proposed to calculate the concentration of hydrogen in the gas compartment as a function of the input concentration of hydrogen and the total volumetric gas flow rate. The mass transport coefficient is found to be independent of variations in hydrogen concentration and volumetric gas flow rate. The temperature dependence of the mass transport coefficient has been determined. A maximum was found at 40 ° C. Igd, l concentration of reactive component at the outlet of the gas compartment (molm - 3) igd, i potential (V) equilibrium potential (V) Igd,l,calc upper limit potential (V) volumetric flow rate (m -3 s -l) igd,l,calc volumetric flow rate of hydrogen (m -3 s 1) volumetric flow rate of nitrogen (m -3 s -1 ) /hp volumetric flow rate at the inlet of the gas k~ compartment (m -3s l) volumetric flow rate at the outlet of the gas n compartment (m -3 s 1) volumetric flow rate of reactive component T into the gas diffusion electrode (m-3s 1) Vm q
Notation
Faraday constant (A s mol ~) current for gas diffusion electrode (A) current density for gas diffusion electrode (A m -2) diffusion limited current for gas diffusion electrode (A) diffusion limited current density for gas diffusion electrode (A m -a) calculated diffusion limited current for gas diffusion electrode (A) calculated diffusion limited current density for gas diffusion electrode (A m -2) current for hydrogen production (A) mass transport coefficient calculated from Cout (m s 1) number of electrons involved in electrode reaction temperature (°C) molar volume of gas (m 3 mol-1 ) overpotential (V)
I. Introduction
Gas diffusion electrodes have been developed for use in fuel cells for the direct conversion of chemical into electrical energy. Recently, alternative applications for gas diffusion electrodes have been proposed, e.g. in electrodeposition processes [1] [2] [3] . Due to the high current densities required in these applications, the mass transport in the electrodes is of great importance. Gas diffusion electrodes have been the object of many studies concerning, for example, the electrocatalytic behaviour, electrokinetics, diffusion, morphology, optimisation of performance, etc. [4] [5] [6] [7] . Many models for kinetics and mass transport have been suggested to account for the behaviour of gas diffusion electrodes [8, 9] . These studies contribute to 26 the understanding of the working mechanism of gas diffusion electrodes.
In this work, gas diffusion electrodes will be characterized by the overall mass transport coefficient under diffusion-limited conditions. Mass transport coefficients have been determined using hydrogennitrogen mixtures.
The method presented was used to characterize the flow conditions in the gas chamber of the experimental cell. This method can be used to compare the magnitude of diffusion resistance in gas diffusion electrodes.
Experimental details
The experimental setup is shown in Fig. 1 compartment, by a gas diffusion electrode, and schematically presented in Fig. 2 .
The gas diffusion electrodes used were 'fuel cell grade electrodes' on Toray paper, purchased from E-TEK, USA. These electrodes consist of carbon black bonded with Teflon on a Toray paper carrier. The active layer with a thickness of approximately 0.1 mm consists of platinum dispersed on Vulcan XC-72. The total electrode thickness measured approximately 0.55 mm.
The gas compartment measured 20 x 20 x 8 mm 3. The gas was supplied through a tube with an inner diameter of 5 mm at the top of the gas compartment. The gas outlet was situated at the bottom of the gas compartment to prevent the liquid condensation products filling the gas compartment.
An expanded titanium mesh was used as the current collector for the gas diffusion electrode. An area of 20 x 20mm 2 of the electrode was exposed to the gas and the solution. Measurements showed that the screening of the gas side by the titanium mesh had no effect on the data obtained. The space between the gas compartment and the liquid compartment at the edge of the gas diffusion electrode was sealed to prevent transport of air oxygen to the electrode.
The solution compartment with a total volume of 10.8 cm 3 was equipped with a platinum counter electrode measuring 26 x 26 mm 2. The distance between working electrode and counter electrode was 18 mm. The reference electrode capillary was situated in a hole in the middle of the counter electrode and pointed towards the gas diffusion (working) electrode. A thread was inserted in the capillary to prevent gas bubbles from entering. The distance between working electrode and the tip of the Luggin capillary was adjustable. A tube connected to this Luggin capillary contained the reference electrode, being a saturated calomel electrode.
The solution used was 0.5 M H2 SOn. The pH of the solution remained practically constant during the experiments and needed no adjustment. The return flow from the cell into the solution storage vessel was led over the vessel wall to remove the hydrogen gas bubbles produced at the counter electrode from the solution. Pre-electrolysis showed that stripping the dissolved hydrogen from the solution solution with nitrogen was of no influence on the current observed. Therefore, nitrogen stripping was not applied in the measurements presented in this study. The solution was recirculated through the solution compartment at a rate of 300 cm 3 min-J. Increasing or decreasing this rate did not affect the currents measured. This particular rate was chosen to prevent accumulation of the hydrogen gas formed at the counter electrode. The solution entered the cell at the bottom of the solution compartment and left at the top to ensure entrainment of the gas evolved at the counter electrode. The temperature was kept constant by means of a heat exchanger just before the inlet of the solution compartment.
Hydrogen added to a nitrogen stream was used for mass transport measurements. The nitrogen flow was controlled by means of a valve and a flow meter. The flowmeters used were Fischer & Porter 08F-1/16-08 for low volumetric rates and 02F-1/8-12-5 for volumetric rates up to 850 cm 3 min -1 , both with sapphire floats. The hydrogen was generated at constant current in an electrochemical H-cell filled with 4 M KOH. The cell was fitted with two platinum electrodes. The anodic and cathodic halves of the cell were divided by a Nation ® ion-exchange membrane to separate oxygen and hydrogen gas. The amount of hydrogen added to the nitrogen stream at stationary conditions is exactly known and calculated from the current applied.
Cyclic voltammograms were recorded by scanning the potential over a 1 V range between the equilibrium potential of the electrode, Ee, and Et, the more positive potential. The potentials were applied through a Solartron 1286 Electro Chemical Interface (ECI) controlled by a microcomputer. The potential range was scanned at a rate of 5 mV s -1 in the ECI 1286's stepped sweep mode at a stepping rate of 1 s 1.
Ohmic drops between the working electrode and the reference electrode were measured by means of electrochemical impedance measurements. The impedance spectra were measured with the ECI 1286 and the Solartron 1250 Frequency Response Analyser (FRA) controlled by a microcomputer and the EISData software package. The ohmic drop was computed from the impedance data using the EISCalc software package. Both EISData and EISCalc were obtained from J. Schram, TU Delft, The Netherlands. 
Results
The hydrogen content of the inlet gas stream was varied by applying currents in the range from 0.005 to 2A to the hydrogen generation cell. Moreover, the volumetric rate of nitrogen was varied in the range from 0.1 to 15 cm 3 s-1. Figure 3 shows a typical set of current density-overpotential curves for a gas diffusion electrode with 0.50 mg cm -2 Pt loading. The results were obtained for various hydrogen concentrations % in the gas feed flow. The overpotential t/was corrected for the ohmic drop. The current density-overpotential curves clearly show the kinetically controlled overpotential region preceeding the diffusion limited plateaus. Increasing the overpotential to values above approximately 0.6 V leads to a decrease in current density. This decrease is caused by oxidation of the platinum catalyst particles. The diffusion limited current density is calculated as the mean current density in the overpotentiat interval from 0.3 to 0.5 V. The direction of the potential sweep had practically no effect on the limited current density for high hydrogen concentrations. For low hydrogen concentrations, the mean value of the mean current densities from increasing and decreasing overpotential has been calculated to account for double-layer charging effects. Figure 4 shows the relation between the hydrogen production current applied in the H-cell, Ihp, and the diffusion limited current in the gas diffusion electrode test cell, Igd,~ for various volumetric nitrogen flow rates, Fv, N, applied. From this plot it follows that very high conversions (Iga,l/Ihp) can be obtained, for instance 59% at Fv, N = 2.33cm3s -1 and Ihp = 1A. The conversion is dependent upon the space time of the feed gas in the gas compartment, as can be seen from the curves for different nitrogen flow rates. Figure 5 shows a curve on a double logarithmic scale representing the diffusion limited current density, iN,l, as a function of the hydrogen concentration in the feed gas at the inlet of the gas compartment of the gas diffusion cell, Cin, at a constant nitrogen flow rate and at a constant temperature. The % is varied by variation of Ihp. From this plot it follows that there is an almost linear relationship between qn and igd,1 at a constant Fv, N. Figure 6 shows, on a double logarithmic scale, the diffusion limited current density, ig0,1, as a function of the hydrogen concentration in the gas at the inlet of 
Theory for a CSTR model
An ideal constant flow stirred tank reactor (CSTR) is an ideal steady-state flow reactor in which the contents are perfectly mixed and uniform throughout [10] . Thus the exit stream from this reactor has the same composition as the contents of the reactor. A schematic representation of a CSTR is given in Fig. 8 . It is assumed that the gas compartment of the gas diffusion electrode test cell behaves as an ideal constant flow stirred tank reactor. This gas compartment is fed by a mixture of nitrogen and hydrogen. Hydrogen gas is oxidized in the gas diffusion electrode. Consequently, the hydrogen concentration in the gas in and leaving the gas compartment is lower than the concentration in the gas entering the gas compartment. Due to this conversion of hydrogen gas, the volumetric gas flow rate will be affected.
The total volumetric gas flow balance can be formulated as Fv, in -----Fv, o% + rv ..... tJon (1) It is assumed that both nitrogen and hydrogen behave as ideal gases. Also, the pressure of the gas is assumed equal throughout the whole gas compartment and constant under all circumstances. Moreover, it is assumed that the mass transfer coefficient k s is constant for the whole geometric surface area of the electrode. The total molar flow balance for a CSTR reactor with an electrochemical surface reaction under control of linear diffusion is formulated as [11] :
Fv, iuqn = Fv, o,tCout + ksAgdCo, t (2) Under the assumptions made previously the volumetric gas flow rate used for the reaction can be written as: Fv ..... tion = ksAgdCout Wm (3) This equation describes the decrease in the volumetric flow due to hydrogen oxidation at the gas diffusion electrode.
Combination of Equations 1, 2 and 3 and rearrangement gives:
From Equation 4 the output concentration Co,t for certain ks and Ag d as a function of Fv, in and % can be solved. Since the hydrogen concentration within the gas compartment is Cout, the diffusion limited current can be written as:
Combining Equations 4 and 5 and rearranging gives an equation for the diffusion limited current as a function of Fv,in and % at certain Aga and ks values:
Equation 6 can also be used to determine the value of ks at a measured value of Igd,1-Both iga,~ and igd,~,oal~ are calculated by division of Igd,1 and Igd,~,~alc by Aga.
Discussion
Both the input and the output of the gas compartment are situated perpendicularly to the electrode surface. This enables a good mixj,ng of the gas present in the gas compartment of the gas diffusion electrode test cell. Moreover, the diffusion of hydrogen in the gas is a fast process. Thus, concentration gradients will be levelled rapidly. These considerations support the choice of a CSTR model as a reliable model for the behaviour of the gas compartment of the test cell.
The mass transport coefficients ks have been calculated using Equation 6 . The calculated values of ks are tabulated in Table 1 for the measurements with a nitrogen flow rate of 5.08 cm 3 s -z and an initial hydrogen concentration of 1.95 molm -3. The igd, l-T curve for these measurements is represented by the top curve of Fig. 7 .
For the experiments shown in Fig. 5 , in which the hydrogen concentration % is varied by variation of the hydrogen production current at constant nitrogen flow rate, it has been calculated that the mean ks = 6.90 x 10-3ms -1. This value agrees well with ks from Table 1 , being 6.92 x 10-3ms -1.
For the experiments from Fig. 6 , in which the hydrogen concentration % is varied by variation of the nitrogen flow rate at constant hydrogen production current, the ks value for the experiment with the nitrogen flow rate Fv,N = 0.08cm3s -~ has been left out because of the inaccuracy in the low flow rate Fv,i, and the extremely high conversion, viz. 98%. It is found that for the other experiments the mean ks = 7.5 x 10-3ms -1, which agrees with the calculated value from Table 1 . Using k s from Table 1 , igd, l,ca~o at different volumetric flow rates Fv,i, and initial hydrogen concentrations % was calculated for a number of measurements. Figure 9 shows the calculated data versus the measured data, i~a,l. There is a good agreement between the calculated and the measured diffusion limited current density as is shown in Fig. 9 for a large number of experiments with various ratio's between Fvm and Fv, N.
It is concluded that the calculated mass transport coefficient ks is independent of the input hydrogen concentration % and gas flow rate Fv, in. Moreover, from the increase in iga j with increasing temperature in the temperature range where the water vapour pressure is very low, it is concluded that the rate for the oxidation of hydrogen is determined by the transport of hydrogen inside the gas diffusion electrode.
Bagotskii et al. have investigated the behaviour of oxygen gas diffusion electrodes with regard to the effect of nitrogen as gaseous diluent [14] [15] [16] [17] [18] . The theoretical dependence of the limiting current for oxygen on the oxygen partial pressure is presented. The experimental relation between current and oxygen partial pressure was found to show an inflection at large electrode polarisations due to a limited supply of oxygen. Moreover, the deviations of calculated from experimental limiting currents could be attributed to the presence of water vapour. Luzhin et al, have also studied the effect of an inert gas component of a binary gas mixture on the mass transfer of oxygen in the gas phase of a porous electrode [19, 20] . Computer calculations showed that the concentration of the inert component increased sharply across the electrode thickness.
The current for hydrogen oxidation is diffusion limited at overpotentials larger than approximately 0.2 V. The maximum overpotential to obtain the diffusion limited current is approximately 0.6V due to the formation of an oxide layer on platinum particles.
The temperature dependence from Fig. 7 can be easily explained. On increasing the temperature, the diffusivity of hydrogen in the gas diffusion electrode increases. On the other hand, the hydrogen gas pressure in the hydrophobic part of the gas diffusion electrode decreases because of the increase in water vapour pressure. From partial water pressure data [12] it follows that the vapour pressure increases steeply at temperatures over approximately 40 ° C. Thus, the diffusion limited current increases with increasing temperature in the temperature range where the increase in diffusivity is the dominant factor and decreases in the range where the decrease in hydrogen concentration is the most important factor.
In [13] a maximum is found near 60°C for rotating disc experiments in dilute H2SO 4. The shift of the maximum to a lower temperature is caused by the transport of water vapour in a direction opposed to that of the hydrogen flow in the gas layer of the gas diffusion electrode.
